Abstract-We investigated the response of an alpine highly productive plant community to soil nutrient addi tion and irrigation. A 10 year experiment, including additions of calcium, phosphorus, nitrogen, phosphorus + nitrogen, and irrigation-was conducted in the northwestern Caucasus, Russia, at 2800 m above sea level. We found out that aboveground biomass did not change significantly. But the biomass increased by 25% in the case of the treatment with calcium addition compared with the control, also the floristic richness in this treat ment was not changed. Biomass of the main dominant Geranium gymnocaulon doubled in Ca and NP. Cam panula tridentata, Carum meifolium, Euphrasia ossica, and Matricaria caucasica increased in Ca; Geranium gymnocaulon in Ca and NP; Gagea fistulosa in NP; Agrostis vinealis in N and NP; Carex atrata, Nardus stricta in N; Phleum alpinum in P; Leontodon hispidus in irrigation treatment. Sedges had a positive response to N. Legumes had a negative response to NP, N, and Ca.
INTRODUCTION
Structure of alpine plant communities is affected by a low richness of soil nutrients caused by a low rate of mineralization of organic matter. One of the possi ble reasons of high floristic richness of these commu nities is limitation effect of nutrients on separate plant growth activity in different points of time. Productiv ity of plant communities is determined mainly by availability of soil resources (water and mineral nutri ents). Therefore, frequently the structure of commu nities changes and productivity increases after nutrient fertilization [1] .
Production of plants and plant communities in cold regions, i.e. in alpine and arctic regions, is often, firstly, limited by nitrogen and, secondly, by phospho rus availability, as has been shown in a range of fertili zation studies [1] . After nitrogen or phosphorus fertil ization, the structure of low productive alpine and arc tic communities undergoes changes in two ways: (1) the role of grasses and sedges (graminoids) is intensi fied and (2) biomass of shrubs increases. However, the reaction of a highly productive alpine plant commu nity for nutrient fertilization has been poorly investi gated [2] .
The Geranium Hedysarum meadows (GHM) have a special place among alpine phytocenosis of the north western Caucasus. Geranium gymnocaulon and Hedys 1 The article was translated by the author.
arum caucasicum (nomenclature of vascular plants are given by F.M. Vorob'eva and V.G. Onipchenko [3] ) are the main dominants of these forb meadows. Produc tivity of GHM is 550 g m -2 year -1 [4] . GHM occupies the lower parts of slopes and small depressions with typical snow depths of 2-3 m. It thaws out by the end of June or by early July, followed by a growing season of only 2.5-3.5 months [5] . These highly productive plant communities occupy a habitat with relatively favorable conditions. Thus, it is of scientific interest to research the reaction of components of these meadows to nutrient fertilization.
The aim of my work was to estimate the changes in total aboveground biomass, biomass, and abundance of individual species after soil nutrient addition and irrigation. The study was conducted during ten years from 1998 through 2008. This paper includes data that I collected in July-August 2008. Data on the shoot number and aboveground biomass in this experiment for the first nine years were published in papers of O.V. Cherednichenko [6] and A. A. Akhmetzhanova [2] .
MATERIALS AND METHODS
The experiment included six variants of treatment: Ca addition (in order to raise soil pH); P, N, and NP fertilization; irrigation; and control (without exposure). Nitrogen was added as urea (9 gN m -2 year KAZANTSEVA The amount of added lime (Ca) was 119 gm -2 . Irriga tion (H 2 O treatment) was used for removing water stress. The mean daily value of evapotranspiration in the area is approximately 3 mm. The precipitation was measured every day.
A visually homogeneous area of 19 × 6.5 m was selected and divided into 24 plots-4 plots for each treatment. The size of each plot was 1.5 m × 1.5 m with 1 m buffer zones between plots. Nutrient fertilizers were applied to all surfaces of plots.
Samples of total aboveground biomass were taken from treated plots; there were four 25 cm × 25 cm sub plots inside each plot. Plants were cut close to the soil surface. Before cutting, we counted the number of shoots of each species. Thus, there were 16 subplots for each treatment and the total number of samples from 6 treatments was 96. Vascular plants were sorted by species, vegetative and generative shoots separately. Overwintered dead plant material of all species was considered as litter. Plant material was air dried, then oven dried (80°C, 8 h), and weighed with an HF-300 G electronic scale with an accuracy of 1 mg.
All plant species in my community were divided into functional groups: grasses-Poaceae (Graminae) family; legumes-Fabaceae; sedges-Cyperaceae; forbs-all dicots except legumes [7] . Also, according to the fact that Geranium gymnocaulon is a very domi nating species, we divided the group forbs into sub groups: forbs and forbs except geranium.
Statistical processing. The mass of separate shoots and total aboveground biomass for a unit of area were accepted as parameter of biomass. Individuals of dif ferent species were not present at all subplots; thus, we analyzed the data in two directions: 1-calculation of the mean biomass of species from 16 subplots of treat ment; 2-calculation of the mean biomass of species only at the subplots where it was present. Statistical analysis of individual shoot mass was based on the mean shoot mass per species and its standard error, calculated according to the formulas of quotient means from the unequal samples [8] .
Fertilization influence to species biomass and other community structure parameters was analyzed by two methods. First, assumption of normality was tested by the Kolmogorov-Smirnov's test. If distribution of dependent variables complied with normality assump tions, we used one way ANOVA with treatments as an independent variable and biomass and other parame ters as dependent variable. If "treatment" was signifi cant, we used post hoc Fisher LSD test to distinguish variants. If distribution of dependent variables violated normality, we applied nonparametric, one way Kruskal-Wallis ANOVA. If "treatment" was signifi cant, we used the Mann-Whitney test to compare variants of treatment. The Statistica 6.0 program was used for calculations.
Due to herbivore activity during the processing of data on the biomass of 2008, we excluded two subplots from NP treatment, three from P, three from N, and three from H 2 O from the processing.
RESULTS
We found that vascular plants aboveground biomass in treatments did not change significantly ( Table 1 , Fig. 1 ). But the biomass increased by 25% in case of treatment with calcium (Ca) addition compared with the control. This happened mainly because of a double increase of total biomass of the main dominant Gera nium gymnocaulon (Tables 1, 2 Total biomass, the mass of vegetative shoots, and the mass of generative shoots of Phleum alpinum strongly increased in P treatment by 4 times, 2 times, and 1.5 times, respectively. Also, the mass of vegetative shoots of Leontodon hispidus and Agrostis vinealis increased, but the mass of vegetative shoots of Nardus stricta decreased. The mass of generative shoots of Geranium gymnocaulon increased by 2 times.
Sibbaldia procumbens disappeared in Ca and NP treatments, though it existed at the beginning of the ; n = 16 (Ca, control); n = 13 (P, H 2 O, N), n = 14 (NP); 0 in the table means that the species was absent. Bold font of plant biomass indicates significant difference among the treatment and the control.
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Vol. Table 1) . The largest accumulation of litter hap pened in N but the least happened in Ca, and the mass of litter in these treatments was significantly different from each other.
Floristic richness decreased from 12 (mean number of species on the subplot) in control to 6 species in NP and 10 in N. It is interesting to note that the floristic richness in Ca treatment was unchanged in spite of aboveground biomass increase in this treatment.
Functional Group Response to Fertilization. Total aboveground biomass of grasses did not change signif icantly in treatments (Fig. 2) . Biomass of sedges increased in N treatment, and legumes (Hedysarum caucasicum) decreased in N and NP. Rich develop ment of geranium (Geranium gymnocaulon) happened in Ca and NP. Biomass of forbs, except geranium, increased in irrigation. The results of the tenth year of observation showed that aboveground biomass in treatments did not change significantly (Table 1, Fig. 1 ), but the biomass was the highest in the case of the treatment with cal cium. The same tendency was revealed in alpine lichen heath (Caucasus, Russia) [16] . In contrast to the tenth year, in the fifth year, total aboveground biomass sig nificantly increased in NP treatment; the same reac tion of meadow communities for this type of treatment was observed by other researchers [9] [10] [11] [12] [13] [14] [15] . It is impor tant to note that the increase of aboveground biomass of the GHM both in the fifth and in the tenth year of the experiment did not accompany intense changes in community structure. It happened due to the increase of biomass of the main dominant Geranium gymnocau lon. This situation with GHM is principally different from the reaction of snow bed communities (Cauca sus) and the Geo montani Nardetum association in the Alps, where NP fertilization provoked dramatic changes in community structure [16, 17] .
Total biomass, mass, and the number of separate shoots of the main dominant Geranium gymnocaulon increased in NP treatment during the years of observa tion but biomass also increased in Ca in the tenth year. The presence of positive reaction in NP and the absence of the same reaction in N treatment showed that nitrogen and phosphorus are limiting resources for this species simultaneously. Also, the size of leaves of geranium increases with decreasing of leaf thickness and increasing of specific leaf area (at the same time) with NP addition. This signifies that geranium reduces the costs for building the unit leaf surface and it is a very important factor to reinforce competitiveness of Geranium gymnocaulon [2] .
Total biomass and number of shoots Hedysarum caucasicum strongly decreased with N and NP addi tion during the years of observation, which is the typi cal reaction of legumes for nitrogen fertilization [11-13, 18, 19] . Moreover, Hedysarum caucasicum is a light requiring species [20] ; thus, it suffers from thick geranium canopy in this treatments [20] .
Usually phosphorus fertilization increases the abil ity of legumes to compete with grasses and increases participation of legumes in the composition of com munity. However, in our experiment, we observed the ); then, biomass of this species did not change in the tenth year (control-76 g m -2 ; P-73 g m -2 ). The mass of litter accumulated more in the tenth year than in the fifth year. The least amount of litter accumulated in Ca treatment in all years of observa tion. This is probably connected with the increase of the rate of dead plant material decomposition caused by neutralization of soil reaction and, thus, activation of microbiological activity. Most of all the litter accu mulated in the tenth year in N treatment. This possibly happened due to the rapid growth of Nardus stricta in this treatment whose dense leaves decompose very slowly.
Total biomass strongly decreased in NP treatment in the tenth year of the experiment whereas the mass of litter increased. It appears probable that litter saved up nutrients that negatively influenced on the productiv ity of the community.
Floristic richness decreased in N and NP compared to the control in the tenth year and increased in Ca and H 2 O in the fifth year. Decreasing of floristic richness happened due to the growth of Geranium gymnocau lon; thus, other plants suffered from the shadow of a geranium. This situation supports the theory that competition for nutrients declines during fertilization and competition for light becomes more important [21] . The participation of Nardus stricta increased dra matically in N treatment. This species can compete even with Geranium gymnocaulon in the case of good nitrogen supply. That is why GHM degrades under uncontrolled grazing and turns into Nardetus stricta grasslands [22] . Floristic richness increased in Ca and H 2 O in the fifth year which was connected with dimin ishing of the size of the dominant Geranium gymnocau lon.
Overall, floristic richness decreased in treatments with nitrogen and phosphorus fertilization. It is very common reaction during such experiments both on plain [18] and alpine meadows [1, 14, 23] .
Functional Group Response to Fertilization (the fifth and the tenth years of the experiment). The participa tion of grasses increased in the control by the tenth year of the experiment whereas the participation of geranium (Geranium gymnocaulon) and sedges, on the contrary, reduced. Hedysarum caucasicum is the only specimen of legumes that did not change through all the years of observation. Changes in irrigation treat ment were not revealed.
Geranium gymnocaulon was in the lead through the years in NP-69% in the fifth year and 62% in the tenth year of the experiment. The part of grasses from the total biomass was 11% in the fifth year and 25% in the tenth year; the part of sedges reduced from 4% to 7%, respectively. NP and N fertilization had a bad influence on the development of legumes. At the beginning of the experiment, biomass of forbs and sedges increased in N. Positive reaction of sedges to nitrogen was proven by other authors [9, 13, 16, 24, 25] . The part of grasses increased from 18% (the fifth year) to 42% (the tenth year) during the experiment.
The part of grasses and forbs, except geranium, was very prominent in Ca treatment in the fifth year. Then the part of Geranium gymnocaulon increased from 33% (the fifth year) to 54% (the tenth year). Calcification had a bad influence on the development of legumes and the influence was becoming stronger year by year. Calcium promotes acceleration of decomposition processes; thus, it enriches the soil with nutrients, including nitrogen. Therefore, we observed the indi rect effect of calcium on the community.
There are common function group responses to fertilization through all the years of observation: sedges have a positive response to nitrogen fertilizer; biomass of legumes decreases in NP, N, and Ca; bio mass of fords (especially Geranium gymnocaulon) increases in NP and N at the beginning of observation, then grasses and sedges increase in N and NP at the end; phosphates (P) promote the growth of legumes.
RESPONSE OF NON DOMINANT GHM SPECIES TO FERTILIZATION
Separate species of meadow plants have different reaction to fertilization for many reasons (life form, growth rate, resource competition, ability to consume nutrients, etc.). Both the efficiency of consumed nutrients in a generation of new tissues and the loca tion of root systems affect the reaction of certain plants to fertilization [18] . Further, we discuss the reaction of some species of the Geranium Hedysarum meadows to fertilization based on our data and the data from other similar experiments.
Total biomass of Anthoxanthum odoratum decreased insignificantly in NP during the years of observation, but biomass increased significanly in N in the tenth year. The mass of vegetative shoots increased in NP in the tenth year. The mass of generative shoots increased in N in the fifth year. The number of all shoots decreased in N, P, and NP during the years, but it also decreased in Ca in the tenth year. The increase of shoot number proved the fact that Anthoxanthum odoratum is depressed by stronger competitors [12] or herbivore influence [26] in the case of rich soil. It is interesting to note that Anthoxanthum odoratum increased the number of shoots but did not increase the mass of separate shoots in the experiment with neighbor plants removal [27] .
Total mass of Carex atrata increased in N during the years of observation primarily due to the increase of shoot number. The mass of vegetative shoots increased in N in the tenth year. The mass of vegetative shoots increased in NP in tenth year but the increase of total biomass did not happen due to the few number [28, 29] . The fact that this species is well eaten by grasses consuming Orthoptera [30] can explain the negative reaction of Deschampsia flexuosa to fertilization in our trial. And the experiment from Northern Norway [26] confirms our supposition. Des champsia flexuosa increased their participation after fertilization only in the case of isolation from herbi vores.
Total biomass of Matricaria caucasica increased in Ca during the years of observation. The changes of shoot biomass were not revealed in the tenth year. But the mass of vegetative shoots increased in Ca and H 2 O. Matricaria caucasica is a species of lime substratum and is strongly attracted to lower acidity soil [31, 32] . This fact conforms to our results.
Total biomass, mass, and the number of separate shoots of Phleum alpinum increased in P in the tenth year of the experiment. The positive effect of phospho rum to this species was observed in the same experi ment in snow bed communities (Caucasus) [16] . But Phleum alpinum did not have positive reaction to P in the fifth year.
Total biomass, mass, and the number of separate shoots of Leontodon hispidus increased in irrigation (H 2 O) in the tenth year. This possibly happened due to diminishing of the size of the dominant Geranium gymnocaulon in this treatment whose shading nega tively influenced Leontodon hispidus development [2, 20] . Total biomass and the shoot mass did not change in treatments in the fifth year.
Total biomass of Nardus stricta increased signifi cantly in N in the tenth year due to the high number of shoots. The mass of vegetative shoots decreased in P. The lowest total biomass, mass, and number of shoots were noted in Ca and NP. Total number of shoots decreased insignificantly in Ca and NP in the fifth year, but the number of generative shoots decreased significant only in Ca. A whole number of investiga tions showed that Nardus stricta reacts both negatively [33] and positively [34] to reduction of the soil acidity, but, after fertilization, biomass of this species can stay invariable [35] , decrease [36] , or disappear [37] . The decrease of the shoot number in Ca and NP happened possibly due to competition with Geranium gymnocau lon. In the experiment with GHM artificial shading, Nardus stricta demonstrated poor resistance to the lack of light [20] .
Biomass of Festuca brunnescens decreased in N and NP in the tenth year of the experiment. The negative effect of N and NP was also noted in the fifth year. Biomass of Festuca brunnescens increased in Ca in the fifth year. The origin of this species is linked to steppe species Festuca valesiaca, which is attracted to car bonate soil [38, 39] . Thus, we can suppose that the suitable condition for development of Festuca brunne scens is neutral or weak acid. This is confirmed by our results.
CONCLUSIONS
Total aboveground biomass of the Geranium Hedysarum meadows did not change significantly after ten year fertilization. But the biomass increased by 25% in the case of the treatment with calcium (Ca) addition compared with the control. This happened mainly because of double increase of total biomass of the main dominant Geranium gymnocaulon. Thus, the idea that extra resources are "monopolazed" by the main dominant was proven.
Divergence of species depending in limiting resources was revealed. Total biomass of Campanula tridentata, Carum meifolium, Euphrasia ossica, and Matricaria caucasica increased in Ca; Geranium gym nocaulon in Ca and NP; Gagea fistulosa in NP; Agrostis vinealis in N and NP; Carex atrata, Nardus stricta in N; Phleum alpinum in P; Leontodon hispidus in irriga tion treatment.
Aboveground biomass of separate species changed due to the number or mass of shoots changing. Floris tic richness decreased in N and NP with simultaneous insignificant increase of total biomass. In spite of bio mass increase in Ca, the floristic richness did not change. It is possible that the increase of resources accompanied by the decrease in soil acidity does not influence negatively the ratio of added resources and allows the coexistence of a larger number of species.
